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PREFACE 


This investigation was made the US Naval Postgraduate 
School, Annenolis, Mar,land, during the academic Year 1949- 
50. Itssuccessful completion is to a large extent the 
result of the help and information of Mr. Otto Jensen and 
Br onn kuzmack at te [TE Circuit 5гезкег оо. MC RM 
for.stion on the Crtnonol Cores wis ottained throuch the 
Pecellent cooperation ond help of thewMaenetic Amnlitier 
Subsection of the US Maval Ordnance Latoratory: who, ty 
permitting the author to mU equipment, shop spaces, 
and an Orthonol core, uade it possible to ottaln the 
characteristics upon which the calculations were tased. 
е7 спев ог this section was particularly heinful during 
Buys portion of the investigation. 

Proscesor allen VL. Vivell, in his capacity ss facubt? 
adviser, cave unsparingly of his time and helped solve 
many thorny rrotlems wnich arose from time to time during 
the investigation. 

сне апное Is also ereatiy indected to 12s for the 
use of applicatle circuit diagrams and wave forms from 
their two papers on the mechanical rectifier. and, to the 
Eclipse-Pioneer Division of Bendix Aviation Corporation 


for technical date on their 90 LVA alternator. 
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SUMMARY 

This is an attempt to design conserv-tively a 
mechanical rectifier witn a rating of 9.6 KW at 115 
volts DC for large aircraft, using forgo aso D 
the Eclipse 400 cycle, 90 KVA alternator. 

This design gave a weight of 3.2 pounds per kilo- 
watt and an efficiency ranging fron 82.7% at 1/4 load 
to 92.17 at rated losd. Тһе entire unit could te put 
into a space 9 inches x 9 inches x 1£ inches. 

This type of rectifier has as its primary advantacecr 
sinple voltage control, low weight, high conversion 
efficiency, no altitude limitation, anû no reasonatle 
teuperature limitations, (100°C ambient air) 

Its chief disadvantuges are, its requirement of a 
large capacity power source to give a reasonable power 
output without resort to transformers; a power factor 
of .85 lagging, at rated load; and a mechénical sensi- 
ИТУ of the contact mechanism. The extent of this 
mechenical sensitivity will not te known until a unit 
has teen tuilt and tested. 

This anit was designed to have tne mechanicul 
КОИ оп driven ty the esue gear train which drives the 
AC power source. his would appear to te almost obliga- 
tory for aircraft applications, to give greater reliability 
and to reduce weight. 

The mechani cal mectilier та а rood solution for the 
mectification protlem for large aircraft end an excellent 


solution for large aircraft flying at nigh speeds at high 
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CHAPTER Т 


PRODUCTION 


I ene ned 

This was a preliminary investigation to determine 
the advisatility of utilizing the mecnénicsl rectifier 
for the conversion of 400 cycle AC to DC in aircraft. 
as an aid to the investigation, it was decided to design 
eercetifier having €@ nominal rating of 96K. at 115 volts 
DC with provision for voltage regulation and atle to 
deliver a pesk overload of 500% rated current. No previous 
work had teen done at 400 cycle to the knowledge of the 
author. Іп fact, only a Limitea amount of work has teen 
done in the conventional power frequencies. This had teen 
primarily on large fixed installations. The original work 
was done ty Siemens-Schuckert, 3erlin, Germany, tefore and 
dusing nar Ії. It has teen carried on since the ‘iar, ty 
the ITE Circuit Breaker Co. of Fhiladelpnia. Jensen (1), 
КОШТ (5). 

This investigation was only sa prelixinary one, since 
no informution was availatle in the 400 cycle range and any 
complete analysis would have involved actually tuilding 
and testing a complete installation. This was otviously 
impossitle within the limitation of tine and funds avail- 
able for the project. The results obtained, therefore, are 
сеп оп the tests of one Orthonol Core supplied ty the 
moenetic Amolifier Subsection of the US Naval Ordnance 


Maron tory 2.ereaiter referred to @s NCL; end the tasic 








relations developed ty Floris koppelman (2) and Dr. Erich 
Rolf, both of Siemens. Dr. kolf пас запее рио se ma 
rather complete etudy of mechanics] rectilverwdecian at 
conventional power frecuencies for ITF. Rolf (3). 

This investization was undertaken tecuuse information 
based on work in the conventionsl power frequencies indi- 
cated that it was possitle to achieve hich conversion 
efficiency and good voltage control with a relatively 
simple mechanism, which comtined these advantages with low 
weight and space requirements. L 
2. The Basic Theory of Operation. 

The tesic theory of operation of the Mechanical 
Rectifier is not very well known since the original concept 
was not developed until 1935 and was not known in this 
country until 1946. The mechanical rectifier operates by 
connecting the AC bus to the correct polarity DC tus during 
the time interval during which the AC tus can deliver 
energy. This connection of course must te terminated tefore 
the voltage of the ac tus falls sufficiently so that the 
current will reverse. Also, in any multi~phase systen, 
there must te some provision for shifting the load from phase 
to phase or commutating as the process is now familiarly 
called. 

In a conventional rectifier, such ss a selenium oxide, 
this is taken care of ty the nature of the conducting medium. 
In the mechanical rectifier, however, the current can flow 
in either direction with equal ease and some provision must 


te made to time properly the making and treeking of the 
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Considering now an elementary circuit to explain the 
basic theory upon which the unit depends for its operation; 
refer to rig. 1, and make the following assumptions: 

A. General Conditions 

1. Lj and Lo ars very much less than Ц, 
2. K5 closes automatically when E5 equals Ej. 
В. ror the initial conditinns 
1. ¿o 19 less than E] 
2. As à result, Kj is closed and K5 open. 
3. 11 has reached a steady state cond.tion 
Ce Dynamic conditions 
l. i, will remain constant if E, is increased very 
rapidly to a value such that I, - 1,25 equals Ei 
If all of these assumptions are considered, 11] will have de- 
creased to zero and i, will equal 11. Thus, the commutation 


from sup-ly 1 to supply 2 will have been completed. 





Elementary circuit 


Figs 2 
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Tf ne Fa eutstitute for ti vol were Rico 
Bae, 1, the altermtor shown in Tiy. 2, NOS 
ventional с transient unalysis. If we arsin a.sune that 


LJ and Lg are small as 
аро. 
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normal RL circuit trans 
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The current in the load circuit can te assumed to remain 
constant as a result of the large value of Ly, and as a 
result the current 1, will decay in the form 1 - ig,., coswt. 
іспах 18 the maximum short circuit current which could flow. 
At the time that ig equals lp, ij will have decayed to zero 
and the commutation will te completed. At this point, of 
course, it is necessary for the ewitch K] to open to prevent 
reversal of iij, furthermore, it must open at exactly this 
moment to insure arc free operation. This point, however, 
is a function of load current, AC input voltage, and fre- 
quency; as a result, it will shift as these variatles are 
changed. For a three phase, ster pointeá connection, the 
wave forms would look like Fig. 2. The shaded voltage area 
is the change in flux linkages required for commutation. 
This results in a reduction in DC output voltage. It will 
te referred to in this paper as reactive voltage drop. 
3. The Step 

The physical impossitility of making tne contects 
always open at zero current is the protlem which plagued 
all efforts to desizn a practical mechanical rectifier 
until Floris Koppelman reasoned that if the current could 
te mađe to remain at zero for a finite length of tine, it 
would te possitle to design a mechanicsl unit which would 
open and close the contacts during this period. The device 
which accomplishes this, and as a result is the heart of the 
ünit is the saturatle reactor. If a saturatle reactor is 
placed in the circuit through which i) is flowing; as 


current reverses, the entire voltage will appear across 
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the turns on the saturable core during temnem met Zain 
time. The resulting current step,4 T, will have a length 
which is a function of core material, the area of the core, 
Are, the voltage across it, E, and the numter of turns, N. 


T=APAp¿N Jensen (1). It must te continually kept in mind 


— 
that B is the intrinsic magnetization, not the total amount 
of flux in the соге. В = Вин. There will still te a 
small amount of current flowing which is providing the 
ampere turns required to remagnetize the core. This is 
small however when compared with the load current. The 
effect of a saturatle core in a simple circuit is shown in 
Fig. 4. 

4. The Step Length and the Safety Step. 

Referring again to the shift in the zero current point 
as a function, primarily, of load current and the inductance 
o tHe AC circuit, the current step must te made long 
enough so that it will include the time that the contact 
opens, regardless of what the electrical conditions may te. 
If this were not true, there would te an arc and the 
contacts would te destroyed. The two extremes are normally 
the minimum and maximum load as shown in Fig. 5. In most 
rectifiers, provision is made for shifting the timing of 
the contacts to compensate some for this, and as a result, 
reduce the size of the core required. This is done on the 
premise that the load current will not change any faster 
than the contact time can te shifted. This does not appear 
to te a reasonatle assumption for aircraft applications and 


so the step was necessarily designed for fixed contact timing. 
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In addition to the actual step length required ty 
the inital conditions, it is also necessary to heve an 
additional time designated as the safety step. This is 
the portion of the step which extends af'ter the contact 
opens as further insurance that the contacts will be far 
enough apart, waen the voltage across the reactor collapses 
and appears across the contacts, that there will te no 
possitility of flash over. Koppelman (2) states that if 
me contacts open at a speed of 1 meter per second, в 
safety step of 10-5 seconds is sufficient. This is always 
made longer though to take care of manufacturing and in- 
Preallation deficiencies. 

s The heed tor Fre-excitation. 

The small amount of magnetizing current flowing may 
still produce some arcing, this would not te a serious 
protlem if the operation did not repeat so frequently. 

The magnetizing current can te controled by providing a 
pre-excitation winaing which will provide the necessary 
number of ampere turns for the remagnetization. This can 
femeccen by referring to Fig. 6 which shows the results 17 
AC pre-excitetion of the proper phase and power is provided, 
In practice, sufficient pre-excitation is used so that the 
current in the main winding does not reverse tut continues 
to flow with a s:sall positive value during the step. This 
is done so that when the contacts open, a small positive 
voltage will exist across the contscts during the safety 
EU iron tne inductance in the circuit, tefore the high 


necative volt=ge which is across the core appears across 
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the contacts. This chanze in polarity; is merely another 
safety precaution to insure that any are which may start 
from metal particles in the space between the contacts 
will go out as the current goes through zero. 

6. Voltage Control 

We now have a unit, Fle. 7, which will deliver a рс 
voltage that is a function of the AC input voltage and the 
inherent voltage regulation of the unit. If the time of 
contact closing were delayed an angle «< from the closing 
Rane of Ko in Fig. 2, to a later time, it would result in 
EEower DO outbput voltsce. Thie can be best understood dE 
referring to Fic. 8. This system is used in installations 
with provisions for snifting the contact time. 

There is another system of voltage control called 
magnetic delay which requires no contact shift. This makes 
the contact mechanism much simplier to tuild and operste. 
The normal disadvantage is that it requires a large treak 
Meactor. This is not a disadvantage in this design since a 
large one is required for the severe overload recuirements. 
Referring now to Fig. 9t, for maximum DC output voltage, 
the commuteting reactor provides no delay in the tuild up 
o the phase current. However, as in Fig. 10, when some 
voltage control is desired, the amount that the core has 
meen premagnetized, will determine the reduction in DC out- 
put voltage the same wey as in Fig. 8, for the mechanical 
system. Area a] is tae reduction in DC voltage from 


ma-netic delay and ares Ao from the reactive voltage drop. 
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"I Ine Lec ono a aterial 
The step length as wes pointed out tefore can te 


eslculated ty the formula, T=ABNApe, where AB depends 


— — 


Е 
upon the material in the core, Since lae tep IE CA Е 


directly proportionsl to 43 it would seem test to have 

the maximum AP available during the step, end the minimum 
outside of the step. This iumedistely aictstes the use of 
8 new class of magnetic materials which have practicslly 

a rectangular hysteresis loop. The material which is now 
being used wae originslly developed in Germany ty a sut- 
eidgiar, of Siemens as Permenorm 50002. This is essentially 
a8 507 iron, £0^ nickel alloy. The procedure for getting 
the optinun magnetic characteristics was: trought over by 
Yr, Jensen and is discussed in sone detail in Ref. (1). 

The Orthonol core used is an improvement of 50004 developed 
ty NOL and renamed Orthonol ty them. 

An exact determination of AD as discussed in Ref. (2) 
mecuires that the material actually be used in a rectifler 
to determine the maximum AB „ Asa result, it is to a 
meee! extent a function of the atilit* of the contacts EO 
open without arcing. In lieu of this, the value of 48 1п 
the knee of the saturation curve can te used. Тпе best 
estimate of the actual position is of course made from ex- 
perience tut you can zo further up ss you increase the 
number of turns in the main winding since the magnitude of 
ioe Current ic still low. Fig. 17. 

Improvement of the materials having rectangular hys- 


teresis loops was deluyed until a method was developed to 
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Be country. 
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lower the AC reactance, the larzer the load current will te 
for a given output voltaze, neglecting Tor the moment IR 
drop. The AC reactance then, is a definite lisitation on 
the maximum power capacity. 

It is now apparent that another reason for not using 
transformers is that the leakage reactance of the trans- 
formers will only add to the inductance of the system. 

Por rectifiers working from a large power system, the 
transformer is the only source inductance which need te 
considered, However, for any system which will te used in 
aircraft in the forseeatle future, the short circuit reactance 
of the alternator will te a large part of the total system 
inductance. 

The setuab velue of short exrouit reactence which 
should te used, is a variatle, depending upon the loading 
of the machine, since 4 -ndg . Of course the magnetic 
saturation curve rets — as the alternator is loaded 
up and the fleld current of necessity ig increased, The 
Eclipse - Pioneer Division of The Bendix Aviation Corporation 
was kind enough to supply the calculated date on their 
90 KVA alternator. The only reactance which is of interest 
in these calculations is the suttransient reactance. Rolf 
(3), Park and Robertson (5). This is true since the commu- 
tating time is .4 milliseconds at maximunu overload. Un- 
fortunately, all calculated data was computed on the tasis 
of the air gap line (unsaturated). This would make the 


values used too large, just how much is a matter of 
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conjecture. Tn any event, to make this investi:ation con- 
eervetive, the erlceulated value was used. 

It cen се easily seen frou the liu tatione dccem m 
the outnut DE voltage, thöt there is ò maxinun SOssiCle 
output capacity for a «iven AC source reactance. This can 
te varied to some extent ty varying the inductance of the 
couwmutating cores nain winding as will te seen in Chapter 
III. This is a fact which must te kept in mind as this 
paper is read, since it placed very definite limitations 
on the minimum weight of the cores. 

There is also a minimum load for 4 mechenicel rec- 
tifier. The losd currert must procuce more sapere turns 
than does the pre-excitetion. 11 this were not true, the 
Seep would occur at some unpredictetle time. This would 
not necesssrily te at the time that the contacts open. 
This would result then in a flash over. This minimum load 
will te called tase load in this paper and will te discussed 
in more detail in Chapter IV. 


2. Voltege Control 

The two methods presently used for voltsge regulation 
Sofra mechanical rectifier, neglecting s variatle tap trans= 
former, were discussed in the introduction. They accomplish 
the same thing, delay in the start of commutation. Some 
of the mechanics] complexities of the mechanical system are 
readily apparent without dwelling further on the idea. The 
magnetic delay method is an easy system mechanically since 
the contacts continue operating es they did before. The dis- 


advantage of such 8 system is that a more complex pre-excita- 


25 








tion system must te utilized and sone compromise must te 
made with optimum pre-e»citation. This is not a serious 
disadvantage, especially in small rectifiers with a large 
numter of turns in the main winding. For a rectifier of 
this size, it is definitely a better system and so was used. 
ö5. The Effect of Load Characteristics 

Another consideration in determining whether a shift in 
contact closing time will te useful in reducing the size of 
the core is an evaluation of the load characteristics. A 
shift in opening time, will reduce the necessary step 
length of the treaking step since the opening time can te 
made to fall within the step ty several methods, Fig. 13. 
However, this assumes that the load will change no faster 
than the contact closing time can te shifted. This is a 
poor assumption for any military installation. The result- 
ant requirement for a long step length, merely increases 
the desiratility of using the mechanicél simplicity of 
magnetic delay. 

It is possitle, with all of the systems utilizing uni- 
directional current through the cores, to use only one core 
for toth the make and tresk steps. This reduces the weight 
since it is not necessary to use a tig make reactor too. 

The other system using ti-directional current and therefore 
two contacts for each core was not even considered in this 
investigation since the overload limitations are very severe, 


and magnetic delay cannot te used. 
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CHATTER III 


SLLivTIGN OF 4 CORE 


1 Experimental Data 

Reasonatle assumptions on the saturatle core charac- 
teristics had to te tased on some sort of data. А11 
quantitative information availatle in the literature, was 
Bor step lengths of 1 millisecond and longer and for ritton 
thicknesses of .03 millimeters (1.2 mils) and thicker. 

Dr. Rolf (3) gave some relative information on losses 
versus step lenstr and ritton thickness which is included 
Mens report as Pis. 14. Tiis information is for 500092 
but should closel; approximate presents results using 
Orthonol. 

Mie iure iudyesteo that the thurncc to ribbon 
currently avoilsble would te test to use for this investi- 
EN on. The use of such thin ritton results in other 
Meoclems. The primar, difficulty is the actual rolling of 
mae ricbon and the winding of the core. Another adverse 
factor is the decresse in the maximum flux densit; for 
Saturation as the ritton is made thinner. Tuere isc some 
reason to telieve at the present time that this may te the 
effect of surface impurities. That is merely conjecture, 
however, and any confirmation will require more investigation. 
Шише Бе true, current research ty VOL on ssturstle cores 
may solve this protlem. In thie case, improvement for use 
in magnetic amplifier applications also means improvenent 


for use in a mechanical rectifier. 
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The Vectormeter a»vpeared to te the onl, method to 
obtain accurate cuantitotive data. The aa obtained 
from this unit at 60 cycles could te used as a reference 
to ottain the hysteresis loop for 400 cycles ty comparing 
the two under identical conditions. The methods used in 
this paper gave hysteresis plus eddy current losses, even 
Buouch the; will be referred to as hystercsis loops throush- 
Minis paper. This wes especinlly sttractive since it 
Wee anticipated tiat there would te little difference te- 
Шисеп the loops for the two frequencies for 8 ziven ster 
meets. Ine results are shown in Figs. 15, 1€, 17, and I 

It was anticipated that the eventusl aesizn step 
length would te tetween .6 and .3 milliseconds ind so the 
comparisons were made at those frecuencies. The circuit used 
is shown in avpendix I. 

The experimental core furnished by the Ka-netic Ampli- 
fier Section of NOL consisted of 190 turns of Orthonol 
meron .0006" x .25". It had its final heat treat:ent in 
a constant magnetic field of 87.2 oersteds at 2009. This 
was the only variation from the method descrited ty Jensen 
(1). The DC loop shown in Fig. 19 was ottained with the 
conventional tallistic zalvanometer method ty NOL personnel. 
The hysteresis loops for approximately 1.2 and .© milli- 
seconds are given in Appendix I. The loop for a .2 milli- 
Seconds is only approximate. It appears to te atout the 
shortest step length for which this model Vectormeter can 
te used. Feriodic difficulties were encountered during the 


actusl operation as a result of fluctuetions in the line 
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voltage tut cteyond that, no difficult: #es encountered. 

A AD of 26 kilogsuss sas selected from the data 
obtsined. This may appear a little optimictic on the 
basis of the loops actually ottained. However, the sat- 
uration value was atout .4 kilogauss lower than would 
normally te expected on the tasis of dats on other icencs 
This is of no great concern since any overestim: te would 
only result in a slij§htly optinistic fieure for Overloadk 
me error certainl, is not more than 2 xilofaúuss or 8% 
This could be eusily more than counterbalanced cy the over- 
Petimete in the reacteunce of the ulternator. 

Tre determination of the required stew leneth at this 
point in the investi-étion is at test, a shot in the dark. 
There are several formulsye availatle in differcnt forus 
vor CIS CICA HON. The one developed 4) Lopotinan 727 
Ns ori, inul series of articles on the sucjyect 2свпв 54 
Beet to this author. Tais is particularly true since it 
E пазп.ес the factors wuüich influence the recuired step 
ШЕШЕСІ, and so the weight, power output, and 211 от the 
other factors considered previously. 

РПО СОЕ Басо tas pertinent par шс н к шесе 
showing the derivation of the step lenzth fornula, is 
mycluded as appendix II to this report. 

EE Ec Jeteralnation of rrotetile Step Lenetn. 

A study of the char&ceteristics which this rectifier 
will protztly have shows that the critical loads will te 
rated load and maxiium overload. This is undouttedly not 


apparently to the reader unless he has had consideratle 
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experience with these units. However, а ИЕ 
will show that up to rated loau, there is some voltae 
control. This will cuuse a delay in the start of commuta- 
tion, and as a result, a delay in the Start OC tee co P 
Considering now IR drop, the difference in voltage area 
used up for commutation at rated load and that used up for 
voltage control and commutation at any lower load will te 
the additional IR drop, if the output voltage at the mo 
loads is the same. For that reasor, the step will start 
sooner at rated load than at any other load. This assumes 
of course that the rectifier has teen desizned co thet it 
mii] just deliver rated voltage at rated current. ІТ the 
design is too conservative, the critical load will te at 
some overload value and for an optimistic design, at a value 
Below rated load current. In the latter event, the rating 
of the unit would have to te reduced, 

The following is a preliminary evaluation of the re- 
quired step length, using Koppelman's formula for step 


length. 


ІШ 5а. (1) 4.2 £ V2 en) 
X, 
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This becomes, for rated load 
— = a — cos (лї) 


Also. rom Eo. (2) 


D 
f «dt - EIE. (1 cosut) 
Е 02 


за 








Substitutin, the value of X. to ort Т 
voltaze at rated laaa, the meximum value cun te shown to 


te: 


Да < to f adt 

1 
Orn: t 
(О 


T 


By integrition, the total voltt.e sres for one етсе 


EESuming no volts e loss from cofuutation or delag is: 


120 
БІ зай. ЫС ee А 
30 eS B00 7 


This is equivalent to 140.4 volts DC. 


Voltage e ,//aw _ M7» 800% _ 117. x/200 - 140.4" 
— ee 
5 5 


Considering now the rated load voltage, 115 volts in 
this case, there is a definite amount of voltsge area 
which can te used up in commutation. Also some allowance 
Eust te made for IR drop. For a unit of this size, with a 
current density of atout 125 circular mils per ampere, a 
reasonatle estimate of IR drop is 4 volts. Therefore, the 
reactive voltage drop must te not more than: 

140 - (15 +94) = 2l volts 


This represents a voltage area of: 


7 А мой Sees 
/407 
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Using Eg. (3) and knowing that Ij = 9,600 = 83,59 


о 


Ш ИИ 20 ph 
83.5 


Looking at the hysteresis loop, the core is not 
completely saturated until the mmf is atout 20 oersteds. 
Therefore, there will te a finite delay resulting from 
this Ag . The actual voltage area can Ее computed ty a 
method which will te shown later. This proves to te equal 
to .00656 volt seconds. This then places a maximum 


Mart on L of: 





/ < .01756 - 00656 _ 152 n 
85.5 


Koppelman's formula must te modified slightly to te 
used with the reasoning advanced at the teginning of this 
section. Fig. 20 shows the time actually ottsined ty this 


method: 





— 
Step Рн 
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Koppelman's original formula wus; 


меи а 
с 


6 - wis] . 000m 32 R SK 
— ZION 

2 Sa B Б” А 2(150 15) (Soleralon) 
AB PEL Delay 

ze eee, = 35 by assumphon (safe, slep) 
AG 

5 Ë (СОЗ Loos — СЛИ. = negligible Зе 

A Or fhonol 


U- over load factor — raled load) 


Referring again to Fig. 20, the safety step is of 
interest only for the minimum comuutating time; this is 
the normal rated load in this case. The saturation delay 
of course enters into toth considerations since it delays 
commutation under all conditions. The value of 4(47) then 


becomes: 


(4) A(T) B a ща 2 Үү гг | 
w(1- 9) 
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The value for maximum load rating wus increased 257 
to take care of manufacturing discrepancies, frequency 
shifts, voltage fluctuations, any over estimate of 44, 
and an over simplification of a complex protlem. This then 


gives a value forA(4Jor: 


4(47) = _O94/ {2 w/a /) - /99 mı second’ 
600 0196) 


There fore _ A (2 7) 22 SE milliseconds 


For this investigation, .305 milliseconds was used. 


From Jensen (1) 


22 = Ae 8. зз.» _ 346 
4% 26»*/07* 


Final calculations using this value gave an overload 
rating of 5.90 x rated current or 18% instead of the 25% 
originally designed for. This method appears to give a 
very accurate and simple method of rapidly computing the 
value of NApe: 

It is now possitle to show the method which was used 
to determine the voltage area resulting fron the saturation 
delay. Since we know the value of 4Û and ҠАре» the 


following formula can te derived: 
t 
e- Nde «/ <44- //»(%-%) 
qt t, 
i ^ » Af(, -(%) 


“ 
6) f edi -Mha A 
- 276 > /9>/07-.00656 volt secs. 
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This then gives the voltage area which was used in the 
step length calculations. The remaining AG or or EE 
will te taken care of ty another circuit. 
3. The Determination of the Optimum Core Area 

The preceeding analysis gave an excellent starting 
point for the actual determination of the optimum core 
area, since one varlatle, МАре has teen elininated from 
the calculations. There are, of course, an infinite numter 
of comtinations which will give this product. However, the 
design output voltage is still the determining factor. 
This then limits the maxinum inductance of the entire short 
circuit path. 

This limitation immediately suggests that we first 
consider the reactance over which there is no control. 
This ie the inductance of the source. One of the initial 
conditions imposed was that there would te no transformer 
used. The rectifier will probabl; te mounted next to the 
alternator so that the source reactance, is the reactance 
ӨТ the alternator. This reactance is the suttransient reac-= 
tance as was discussed in Chapter II. The value supplied ty 
Eclipse for their 90 KVA alternator was 33% for the direct 
and quadrature axis (unsaturated) at 320 cycles. Using the 
method advanced ty Park and Rotertson (4), the following 
results were ottained: 


Normal ohms = normal line to neutral voltage 
normal line current 


2208 y COI а Сы 
[5 З 
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Subtransient resctance = 35% at 320 
= ,35 x .66) SISSE DUM: S 
Therefore Lg = ./59 -./59 - 79,4 
© 2# 320 

This means then that the maximum inductance of the 

main winding of one core < /32-79 - 26.5 uh 
2 

We now know the maximum allowatle inductgence of the 

main winding, the value of NApe, and the only other limit- 


ing factor is the value of 2% (Fig. 21). Gaugler (5) has 
dm 


shown that the slope of the side of the hysteresis loop 
Becreases as the value ог 27 increases. This slope can 


dm 
Ee represented Ey the relation: 


Big, > ten fig. 22 


тіз 


Ime optimum value of 27 is a complete protlem in itself. 
din 
For this investi:stion, the same value was used as was 


used in the sample core to insure reasonatle results, 0.414. 
It was a reasonatle value, however. Dr. Rolf (3) stated 
Poet the value varied from 0.25 to 0.45 in German rectifiers 
E rom 0.4 to 0.65 in the rectifiers built so far in tnie 
country. А larger value would have meant a lighter core at 
the sacrifice of slope. 

The only other fsctor needed was stacking factor. It 
was very low as a result of the thin ritton used. Again, 


the value ottained from the sample core was used, 0.340. 
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Fig 21 





Fig-22 
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The final attempt to insure that the CORE CD OM EL 
the same characteristics as the sanble “9s пизде Спада 
the core up out of layers of individusl cores the same 
height as the sample core, ¿ inch. This introduces prot- 
Memes in maternins which will te primarily production proble а 
Ere effects of poor matenine 7111 te alscussed later. at 
Шау vell be necessary, however, to use these tain sections 
“aith the short step Lengths used, to reduce the effect of 
eddy currents on the size of the hysteresis loop. 

All of these touncer; conditions were combtinea as a 
mere for calculations whieh resulted in Fig. 22. As an 
EEuo»le of the method used, the esleulations for the core 


Bull selected ere ss follows: 


ША: 570 2-7” са sy Сёз, 
70 
OS Z = оо 59. cms 


‚540 


Echt = 7% % 445 Wh өс 742 ems. 


Beeckness = /76 - 3.28 «тъ 
445 


ee eee РИО ВО скит. 
SE 
OD * /5.85 * $85 : /953 «ms or Z62 inches, 
The calculation of the inductance of the main winding 
required that tne ares enclosed ty one turn ke determined. 


\ 


Hor this, a spacin. of .13 cms. was ellowed for euch 
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"I | 3, 1% 
Yi, 17 
fT + 4 + 
Чү | 











individual layer for noiting, supports, AHO OEE Ee O E 

tion. The radius of tne copper of the Winans ас аео сес 
since it was zusll as compared witu the essunmpc oH TOR iC 

spacing. 


he (445 27.25 328. + 2:.10) a 


Dr. Rolf (3) recomaended that the theoretical air core 
induction for a torodiul core te multiplied by a factores 
AOS so (пв( the difference in spacing between the ити бое 
pue inside and outside of the core would Се considered, 
mae Gir core induction was used since the effect of the 
iron core is negligitle during comautation. ( $-0 ) 


The formula then becomes: 


Е 2 уа” 22807 
С TORIS 


Therefore /, = 79 + 2x 25,6 ` /30.2 uh 


Eng arom 0. (9) 
t 
О ТЕ к DO 


The voltage ares for the saturation delay was: .00656 


volt seconds. 


Therefore the net voltage area was: 


M7 ~ (.01088 + .00656) = ‚09956 volf secs. 


This gives a reactive voltace of: 


09956 x ыш - 09954 х /200 > IC 
27 
0 
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The core weil Mt Can also te determined, asain using 
Ene KESE CORE, 
195 . 24.4505 * 2205 »/0 `, x (5.85 IA AS 
505 /9.%6 

The core loss can te deteruined directly from the 
hysteresis loop ares. The hysteresis loop Ton .90 milli- 
seconds was used for the calculations. Actually, the step 
mill never te quite that short since the comnutsting 
voltage will never te an average of 4/2 as was assumed in 
obtaining this value. However, this will ¿ive a conserva- 
tive answer. 

Ares Of hysteresis loop = Зал for 3 in gauss and H in 

AVem, and p in grans/sg. сш. 


a ={ 3 ай - /08 ес A Ave = /0" Wall sec or W- EY 
cm? “Ст cm? 


This will give a loss per gram of: 


ES 
Loss/gram - Wsec TT cm и ЗЕЕ freg ад /д 
cm 767090003 ° 


(6) Loss //h = QA {reg x/o ® 


P x 2 205 х/о”? 


The .30 millisecond sten at 60 cycles (Fig. 17) has 


a value of a = 30,600 Wsec. Fig. 18 shows that the ratio 
em 


of areas ig 1.2. Therefore the area for 400 cycles ror a 


.50 millisecond step is: 
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ст” 


Therefore W/lt. = $6 8 »/0^. 400 x/0 5 _ 6) watts l 
825 x 2205 у/о`* 

And the core 1055 15 6.1 ха. Ос 2.4 Watts. 
Returning now to the main winding copper. If a 
event density of IZ circular mils per spere is used, 
this gives a cross sectional area of lz$ 2 85.5 = 10,430 
circular mils. Numcer 10 cage wire has a cross sectional 
area of 10,400 circular mils, therefore this was selected 
for the main winding. The Bureau of Standards Circular 
#31 lists the following physical constants for #10 wire: 

Resistance = 1.18 ohms/1000 ft at 059 C. 
Weight = 51,47 pounds/1000 feet 
Allowing 43 inches for external connections, the 


Copper length will te, neglecting advance per turn: 


ENX x $.:0)] x 70 + 48 548 inches 
Е 20 s; ٣ 


Copper weight ® 548 x 31.47 


- i 1.44 pounds 
x © 


IR drop = 548 x 1.18 х 82,5 4.48 volts 


1000 x 12 
IPR = 4.48 x 85.5 = 276 watts for 1209 out of 360°. 


25 = 125 watts. 


bneretore, aversce I 
4. Final calculation of step locition and length. 

how theatvall of the characteérietics of the core are 
known, it is possible to determine where the step will te 


located for any load. This will make it possitle to 
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calculate how much overlar there sruould tc 


maximum overload will te. Zffects of Terme 2, 


voltage fluctuations can also te determined. 


aná wnat the 


The following is a sample calculation to snow how 


the data for Tig. 24 ealeurlatede 


was 
Load - „ rated 
I = 41.7 amps. 


IR дгор = ‚01:58 x 41.7 = 2.24 volts 


Reactive voltage = 115 + 2.24 = 117.24 volts 


Voltage area for 115 volts = .117 x 117.24 = 


140 
Reactive voltace ares drop = .117 - „0990 да „2 
Voltazge area to saturate core = ,Q06£6 volt secs 
Commutation voltsé area = 41.4 х 150.2 x 197972 
volt 


SECS. 


Voltege area for magnetic dela: = .019 - (.00656 


From Ec. 


(2) 


1 - ufedt > 


ES 


/ - 8007 x ,0070L 
294 


во 


ВЕ > 


.9950 Volt 


cece, 


volt secs. 


.00528 


ғ .00528) 


.90706 volt sees. 


Therefore, the паке step will last 20.1% after the 


contact has closed, 


The current will complete commutation after: 


/- 800 7 х.(/9 
294 


cos wÉ = 


1: 5529: 


33,20 after the contact has closed. 
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This en-le aleo deteraines shen the deca] ie comoleted 
and tre treax step starts. Therefore, the breuk step will 
sturt 120 + 32.29 or 155.39 after the contact closed. 

The equivalent voltage area of the treuk step сап te 


Eslculsted ty Ра. (5) 


Hed’ = VA. ADS 596 лаг кои иде 


Therefore: cos wt =. C0 322 m 800 # x. O900 ! 
ر‎ ав 


ie - 565 


Therefore, the break step will least until (120+ 86.5) 
or 206.50 after the contact closes. Tre values for the 
other loads are shown in Fig. 24. This shows that the maxi- 
mum load this rectifier can carry without moving into the 
Bunety step is: 5.90 rated current. 
Fig. 24 stows that the critical load is rated load as 
Bas predicted early in this Chanter. This load was used 
then to determine the proper overlap setting. Allowing a | 
safety step of 1/3ra the total step, the contact must te 
set to open st 67.59 overlap or 187.59 after the contact 
closed. However, the contscts should be set for 61.3% or | 
5 times rated current. This will make the unit less sensi- 
tive to overvoltage and under frequency fluctuations. 
Hig. 25 is a plot of output voltage versus load 
current. As can te seen, the mechanical rectifier is 
largely self Limiting. 
$. The Effect of Frecuenc; and Voltace Fiuctuations. 
The design thus far has assumed a constant frequency 


of 400 cycles and a constant input voltage of 120/208 volts 
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AC. sAireraft installations in narticäler cannot ECE CANER 
to maintain any frequency or voltage exactly, no matter 
what sort of drive is contemplated, 

There are several different fresuene vn. = MOR AM 
Ehe specificetions. Tne most limited of (лесе 15 е 5-2 
 Ш (гол 580 to 420 cyeles for She constant speed drive. 
Considering this range first. an sSnal,;sis in the seme 
Eger as was done tor 400 cycles but only tor the critican : 
values shows that a rectifier with this lone a step length 
Mae surprising flexitility. 

280 cycles - Out»ut voltage - maintained to 1057 

rated load 
Maximum overload - Increased atout 5% 

Pole results since there Is тоге уо] Сасе егеда айе 
ШЕ unit can carry more current tefore the reactive voltage 
drops to the mininum allowatle value, Also, for maximum 
overlosd, there is more time for commutation. By the same 
reasoning: 

420 cycles - Output voltage - mainteined to 95% rated 


load 


Maximum overload - reduced about 5;.. 


If we now try to put this rectifier on any engine 


driven alternstor and assume that some one has designed 
a contact mechanism which will actually work at 930 cycles: 
320 cycles - Output voltage - maintained to 125% rated 
load 


Maximum overload - 170% of 400 cycles value 
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930 cycles - Output voltage - maintained to £0% rated 
load 
Maximum overload - 1754 rated load 
Voltage at this rating 
only 61 Volts, however. 

Now considering the affects of voltage fluctuations at 
400 cycles, only, since other values could te readily ot- 
tained. Assuming a phase voltage of 150 volts, the critical 
load will te in the normal operating range, tut the safety 
step will te reduced, however, will still te 9 x 107° seconds 
for 67.5° overlap which is more than the minimum specified ty 
Koppelman (2). This should only te a transient condition 
anyhow. This condition can te improved still more if the 
overlap is reduced to 61.3° or the equivalent of 5 x rated 
current at 400 cycle. 

Assuming now a phage voltage of 80 volts, the critical 
load will exist in the overload region. At thie voltage, 
the overload will te limited to 300% rated load. However, 
the output DC voltage for such a condition would te only 
15 volts anyhow. 

This has not teen a complete analysis of the effect of 
transients on the performance of this rectifier; it should 
give an indication of the flexibility possitle with this 
size core. 

5. Manufacturing and Handling Protlems: 

Before leaving the sutject of saturatle cores, it would 

protatly te wise to mention some of the protlems which are 


currently disadvantages 8nd some which will protatly always 
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te a dissdvantave. 

Anı core which is made up ог е толбет ae 
ones such as this desi.-n envisions will te s severe 
production protlem since tney must all have almost the 


same size hysteresis loop to avoid a composite loop looking 
















like Fig. 26. This is a severe handicap at the present 


time since there is no assurance just what size loop a 





‚ven core will have until it is tested on the Vectormeter. 
can protetly te overcome ty more careful control anton 
men hae been learned atout the heat treatment. 
Jt is also extrezel; important that the core te 
‚jected to no physical stress. If the elastic limit is 
eeded, the magnetic cualities will te ruined and the core 
11 have to te junked. Any stress which does not exceed 
the elastic limit csn result in chenres such ss are shown 


шие. 27, This means that there must te sufficient room 


thermal expansion. Also, it might te necessary to support 
Part of the core separately as soown in Fig. 25 if the 
effects of high "g" and vitretion had too creat an effect 


on the hysteresis loop. 
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CHAPTER IV 


PRE-EXCITATION 


1. General 

The requirement of this rectifier that there te a 
magnetic voltage control system automatically dictated 
two separate and complete pre-excitation systems. The 
first, the AC system, is the one descrited in the Intro- 
duction. It is always required to insure positive current 
flow through the contacts as they open, for the reasons 
Outlined there. In addition to this, a DC pre-excitation 
is required with magnetic voltage control to control the 
amount of magnetism of the core when the contact closes, 
As a result, the DC winding is put on so that it neutra- 
lizes the effect of the AC winding during the make step 
and aids during the break step. This is a disadvantage 
during the treak step, however, since it results ina 
variation of the current flowing through the contacts at 
the treak as a function of load current. (Voltage control) 

The core acts es a conventional transformer during 
the step and as a result, some impedance must te placed in 
the line to keep the pre-excitation current at the desired 
value. This could te a resistor but this would involve 
large losses. For this reason, an inductance is much more 
satisfactory. 

The inductance in the AC pre-excitation circuit not 
only limits a transient change in current during the step 


tut also limits the amount of current flowing. This doutle 
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requirement makes the AC pre-excitation very inflexible and 
as a result, it will te considered first. 
2. AGerre—-exci tation. 

There are two simple connections possitle for AC pre- 
excitation, Y, Fig. 29 or A, Fig. 30. The phase relations 
for the two connections are shown in Fig. 31 for the break 
Sep and Fic. 32 for the make step; As Gan te Seen, CINE 
optimum is tetween the two connections. For this design,- 
the A connection seemed tetter since it supplied more 
ampere turns prior to the time the contacts closed. This in 
turn results in a higher flux density ond less saturation 
delay at rated load and atove. It does have the disad- 
vantage, however, that during the treak step, the pre-excita- 
tion begins to decrease when it should te still increasing. 
The increase would te an advantage, since the step is 
shorter at the higher loads. This is true tecause the 
effective value of the commutating voltage is larger, This 
results in a larger hysteresis loop and so more ampere 
turns. | 

The double recguirement for the inductance, in effect, 
dictates how many turns of pre-excitation can Бе used on the 
gore. The equation can te derived to solve this problem 
as follows: 


Let z te the per unit change in pre-excitstion current. 


N 
u 
— 


(FEE. 9) 
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Neglecting the small amount of inductanee in the turns 


on the coil and calling 
d ee 
a Ха: 


the limiting inductance L. 


аг. 
e FIR or Ac Lf edt 
D L 2 
Considering now the transformer action during the 


G 
step. If N, is the maximum numter of turns in the AC pre- 


excitetion winding on the core; 


e = Mo — N Z] saad 
N A 


Therefore 


E = es oF — 5 A e TOME ese Art 


Therefore 


2 ЖЕ mn 24020047 ( 


Eo o o o o 2120 {еа 
& a 
Zw 
a m 
Npe ` Eu. /- cs e f 


For this rectifier, with a /| connection 


Gite 


, 8n assumed 
value of z of .2, and a calculated minimum possitle step 
length of 45,40, 


Np 2 27208: EE 


Wo -соу 65.9 ° 1 ñ 


ОТЕЛ 
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The value of H requirec at the end of the treak step for 
а В of 15 kilogauss was estimated from Figs. 17 and 18 
to be .7 oersteds at 400 cycles. During the make step, 
there should te atout .5 oersteds at the moment the contacts 
close to tring the flux density un to 12 Kiloguass, (ис. 
A-46 Appendix I.) 

Assuming that the maximum value of pre-excitation 


occurs when a maximum value of pre-excitation is required: 


E A LEAR m 738 amps 
(1-2)12 Лр (4.2) /2 +33 


he velue of L which will not only limit the value of 


ao 2 tut also linit the total current to .735 amps will 


Бе: \ 
L = 4 е 200 _- 28 henrres 
С MARS CO 


The design of the pre-excitation circuits те at Cest 
approximate. Therefore, Dr. Nolf (3) recomuended that the 
choke te made varistle #257, He suggested a change in the 
width of an airgap tut multiple tups would seen to te 
tetter for this design. A total of eleven taps from - 25% 
to + 25% of the design value should te more than adequate. 

The design of the choke was conventional using a 
toroidial core, silicon steel with a magnetic saturation 
curve shown in Fig. 34 which gave a core permeatility of 
4,000 at 50AT/inch. The copper winding, #22 wire (870 
circular mils / ampere) with characteristcs again from 


Circular #Z1 of the US Bureau of Stundards, R of 19.0 ohms/ 
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Ampere Turns per Inch Length 
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Атреге Turns per Inch Length 


F; 9 3 са и Sept. 11+0 





1000 feet at 55°C and 1.94 pounds/1000 feet. 
-.1128 х 1.05 - $141 h 
Core area - .8 sq. cms. 
а = 2.Э ств. 


m 
N - 179 or 36 AT/in. 


Copper length on choke - 179 x £5 х4 -_ 252 in. 
2.5 


Copper length on main core = 18.16 x 33 - 226 inches 
2,5 


Allowing 30 inches for internal connections 
Total copper length = 252 + 236 + 30 - 518 inche 


І26/ соге - 518 х 19(.735)° ~ .444 watts 
1000 x 12 


Therefore: Total loss 3 x .444 - 1.332 watts 


Copper weight - .8 x 297 x 7.87 x 3 x 2.20: x 10”? 
- „3795 lbs. 
Allowing .2 lbs for potting 
Total AT pre-excitation weight = .25 + .379£ + .2 
5 28 198% 


3. DC Pre-excitation 

The DC pre-excitation has oni, one purpose - to Limit 
the aC pre-excitation at loads telow rated so that the out- 
put voltage will te maintained at the value dictated ty the 


This requires that the current Бе varied 
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voltage regulator. 








from e miniwum of zero et rated load and aktove, to a maxi- 
mum at tase load. 

The design дата from Chanter III showed that a meximum 
dela; voltage area at tuse load was .021 volt secs. Тһе 
saturation delay will account for .006£6 volt seconds which 
leaves .01444 volt seconds to te taken care of ty magnetic 
delay. However, the total area availatle is .0900 volt 
seconds. This means that the value of 43 which must te 


availatle is: 


ES vo/fage arca. ` OLII -.47 иде or Z; 
NA 344 0? 


This means that the AC pre-e.citetion must te reduced 
so that the flux will te no vreater then le - 4.17 or 
9.83 kilogauss, This corresponds to 8 .2 oersteds, referring 
ne DC hysteresis loop, Fig. 19, to te corservative, 
This means that the DC pre-excitation must te atle to furnish 
Mee = .4 or 1 AT/inch or a totel of 1 x .9.6 or 19.6 aT. 

This number of ampere turns could be supplied in 
almost any comtination, Тһе design of the voltage regula- 
tor would undouttedly te the deterning factor. If we assume 
the maximum heat dissipation to te the determing factor, and 
assume this maximum to te 75 watts. The limiting current 
would te .65 amperes at tase load if we assume negligitle 
meeictance in the rest of the circuit. 

The numter of turns for the DC pre-excitetion on each 


mein core would then te 19.5 = 30.2 turns. If 20 turns is 
“ББ 


used, the next protle: is a choke similar to the one designed 
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for the AC pre-excitation. This inductance docs not have a 
doutle purpose however so that the design is not particular- 
дет реа, 

If a z of .2 is again assumed, the Af, will Ee 
(8 ух O: ог .ld amperes. Using the same desien formulae 


ав before: 


Ui 


Ира NP YR /- 


{ n 0, Ее rs 
13% B00 7x70 


There appesre to te no reason to increase this as was done 
mor the aC pre-excitation since it is not critical. Using 
#22 wire or 1000 circular mils/ampere and as tefore: 

19.0 ohms/1000 feet at 65°C. 

1.94 1ts/1000 feet 

Permeatílity of 160 at 100 AT/inch 


Gore area < 2.0 sq. cme. 


Am = 4.4 cis. 

N = 570 turns or 88 AT/inch 

Copper length = 570 x 2 x 4 = 1270 inches 
2.54 


Copper length on esch main core = 18.16 x 30 = 215 in. 
2.54 


Allowing 60 inches for internal connections 


Total copper leneth 1270 + 215 x 3 + 60 = 1975 inches 


Total cooper weight 1975 x 1.94 - .319 lbs. 
Tooo a NEM 
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Core weicht 2 x 10.7 x 7.87 x S Ыш ШИ 
Allowine s Lbs. for potting. 
Total DC pre-excitation weight less re«sulator = 
019 £4 .t'75 = „894 Шер 
The regulator required for this type rectifier can be 
any of the common types. A carton pils would have to work 
opposite from the ones designed to operate in the field 


circuit of a generator. The minimum resistance of 115 volts 
.65 amps 


or 177 ohms could either te a limiting resistor or te the 
lowest resistance of the regulator; varying from there to 
Enfinity. 

The voltage control will te as accurate as the regulator 
used, until rated load is reached. 
4, Base Load. 

The DC pre-e::citation would appear to te a pertect 
source of tese load, and it is, excent for military instella- 
tions. For these, an interruption of the load at rated 
load or atove would result in no tese load until the 
regulator could react. For this reason, some provision 
must te iade for a tase load which will always te ponnected. 

Any dependatle load can te used tut to make this 
design complete, a minimum tase load was designed. The 
tase load must te large e to at lesst proguoe а Os 
density of 13 kilogauss. This will require a an of .4 
oersteds. In addition to this, it must neutralize the AC 
pre-excitation of .7 oersteds. This means that the case 


sad current must produce at least 1.1 oersteds, or: 


ASAT = „615 amperes. 
70 
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This is the minimum value of the tase 1080 GURE, 
The DC output voltege of course has ripple and this must 
ke considered, either ty using & choke in the tase load 
circuit or ty drawing excessive current. 

The critical tine exists for no external ЫШ саа апа = 
DG pre-excitetion, for this condition, the LC voltage 
would jump to approximately 135 volts since there would te 
me appreciatle delay. This can Бе determined ty knowing 
that the comtination of AC pre-excitation and the tase load 
current will produce an mmf of 1.l + .7 or 1.8 oerstedes 
This gives a @ of atout 14.2 kilogauss or a delay of 
.12 x 10% x 346 = .0041¢ volt seconds. This will mean a 
voltage of (.117 - .00416) x 1200 = 135 volts. 

Referring again to Dr. Rolf (3), the necessar; smoothing 
inductance is: 


I: fe 8 ° 
w AL 
For a voltage area delay of .00416, this will amount to 150 
* 
and so И fron Dr. Rolf (8) le .2l. Limiting A Ia ty 


assumption to .Z amps, 


ee = 1925 ‚21 = .0565 henries 





Using the same core as was used in the AC choke and the 
permeatility of the DC choke: 

N = 565 or 128 AT/inch 
With #21 wire, R= 15.1 ohms/1000 feet, veicht 2.45 1ts/1000 ft. 


Copper length = 565 x .B x 4 = 798 inches 
2.54 


*This is not the same % used ty Koppelman in his work;hoppelman (2) 
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Allowing lb inches ior connections 
Coppen lence tu COS TIS = Ble 
Copper weight= 6810 x 2.45 = .166 lts. 
Core weight = „1265 ? 
Allowing 15 Its for potting 


Base losd resistor 115 = 141 ohme 
solo te 


Therefore EI = 115 x .815 = 92.7 watts 
Resistor weight = .119 pounds 
Шшегеготе, total tese load circuit weicht Is: 


.166 + „2765 + „119 = .5615 lbs. 
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CHAPTER V 


THE CONTACT KECHAKISM 


1. Requirements and Limitations 

The design of the Contact Mechanism is essentially 
a mechanical protlem. For thie reason, only a trier 
study was made of this unit. This does not mean that 
there will.not te some problems in making the unit work 
properly at 400 eyeles. However, the main requirements 
for any contact unit, no matter what the frequency may be 
are: 

(1) The contacts open and close at the correct time. 

(2) They open faster than the voltage tuilds up. 

(3) They seat firmly and do not bounce. 

Two general systems are used for mounting the contacts, 
in line and radisl. The radial scheme would appear to te 
the llghtest and simpliest for this power rating. The 
general layout is illustrated in Fic. 35 and the push rod 


and contact movement in Fig. 36. 


silver conta ^ current 


—— L density /0,000- 15000 amps/in* 





17276 


Radial Installation of Contacts 


Pigs D 


The eontset mechanism at conventional frequencies has 


posed no protlem which could not te solved ty good design. 
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The design has also teen complicated ty recuirements for 
shift in contact timing, adjustment while the unit is running, 
and ottaining a prime mover which was stable. In this design, 
it was planned to have the contact mechenism driven ty the 
same gear trein which drives the alternator. This solves 
one of the most troutlesome protlems found in conventional 
installetions, i.e. finding a small synchronous motor which 
is very statle and has the same angle of lag under all 
operating conditions. The contacts should open end close 
at the desired time dependatly regsrdless of what the opera- 
ting conditions may te, 1f the unit is geared directly to the 
alternator. However, the driving cam must run at a high 
speed. The normal method using a conventional eccentric 
requires a speed of 24,000 RPM at 400 cycles. The eccentric 
Would protetly have a sleeve tearing riding on it upon which 
would rest the contact push rods. 
2. Installation and Adjustment 

There must also te a provision for rotating the entire 
mechanism during the initial adjustment of contact timing. 
There are two variatles involved in timing the contacts, 
orientation of the eccentric and overlap time. Crientation 
of the eccentric will affect the сіовіпы and opening time 
and can te changed ty revolving the entire mechanism. Over- 
ШЕП time can te changed ty changing the contact travel, 
Fig. ŠG, and so the total closed time. Juggling of these two 
aane an oscilloscope with the voltage across the contacts on 


the vertical plates to show whether the contact voltage is 
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zero at closing, Fig. 2, Will te геацігеа. ЕСТЕ 
provision for showing when, in time, the contacts should 
open, will te required. This can te consideratly simpli- 
fied, however, if the contact travel is preset during 
manufacture, then only the orientation need te adjusted. 
This is a very simple procedure using an oscilloscope. 
The only protlem would te checking phase and phase rota-—- 
tion. This is common to all 3 phase power. 

This may seem to te a complicsted process tut it need 
only te done sat initial installation, later іг the power 
source is changed, and for preventive meintenance, perhaps, 
if tests show this to te necessary. 

It has teen found at the conventional power frequencies 
meat if the spring force on the indivicusl reciproceting 
parts of the contact was 1000 times the weight of the part, 
there would te no touncing. The speei of opening and closing 
need te no fester at 400 cycles than it is at 60 cycles to 
satisfy Koppelman's (2) recuirement of en opening speed of 
l meter/second. If this is true, the accelerating forces 
encountered will te the same as at 60 cycles. The required 
eccentricity, however, for this limitotion is only .4mx, 
While the voltaces involved are low enough so that theoret- 
ically, with a pressurized space, no are is possitle, it is 
protatle thet this distance would have to te made greater to 
give dependstle operation. During operation, there is some 
pitting and this tends to reduce the actual spacing to a 
lesser value than the contact movement would indicate.. ITE 


uses .l inches as a standard opening tut this is dictated ty 


ЩЕ 








opening speed. 

Dr. Rolf (2) states that there is some glow discharge 
if the voltage across the making contacts is more than 
275 volts,for silver. In this unit, there should Бе zen 
voltage across the contects at nake. Therefore, the only 
criteria should te that they separate far enough so that 
this phenomena will not occur when the inverse voltage 
reaches the peak value of atout 400 volts. This rectifier 
has so many turns on the main winding snd the pre-excitation 
has teen so designed that excessive currents et make and 
bresk should not te encountered. Fig, 37. 

Fig. 38 shows the design used ty the Gerrans in their 
small rectifiers, it would appear that a similar design 
would te the test system for this rectifier too. It could 
te easily replaced ty a crewman in event of a flash over. 
This could te done ty taxing out the tolt shown and replacing 
the entire unit. Proner quality control would make the 
contacts interchangeatle with no readjustment of the unit. 
This chance then would recuire repressurizine in flieht tut 
nothing more. 
ге RC Parallel Circuit. 

Пре current flowin; throw2n the contacts as they stauy 
to open has teen made very small.  "owcver, to prevent Ж 
cornet damage by a sudden volteze tuild up as a result of 
the inductance in the circuit, the contacts are always 
shunted with a conventionel HC circuit if the type of pre- 


Mme tation proviced for in this design ls used. Trke circuit 
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is shown in Fig. 39. The current directions are at the 
instant the contacts close. 


AC es exctehen 


DE е ance 


P 
С 
Bus 
Corc Win ding 
Fig. 39 


The value of R is a function of the current flowing through 
mae contacts at the instant of openinge. Dr. Yolf (2) states 
that the amplitude of Ai x R should te 10 to 15 volts. 

The value of A i will te largest for the tase load 
Becauce at that time, the maximum DU pre-excitation will be 
Beine the AC pre-excitation. This is then the critical 
condition and the one which should te designed for. The 
actual value can Се only approximated since it is only as 
accurate as the estimate of the protatle pre-excitetion. 
This again is a function of the size of the hysteresis loop, 
which changes drastically within the range of step time 
marough which thie unit will operate, .3 to .6 millisecondes. 
Mies, 15, 16, 17 and 18. 

The maximum protatle value was determined ty taking 
the maximum AC and DC pre-excitation and suttractine the 


protetle minimum numter of ampere turns required for remag- 
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netization, This Hives the following ТЕБЕ 
ас 9.7555 G5 x YE 34.5 2 


DC 19.6 AT. 
753,9 АТ 


Figs. 15 and 16 show that the minimum field strength when 
the contacts open at tase load will te .4 oersteds for a 
В of 7 kilogauss. This means that 17.7 AT will Le ге- 
quired for actual magnetization leaving a maximum of 36.2 
to produce positive current in the main winding. As a re- 


sult, a maximum of 36.2 or .512 amps will te flowing through 
70 


mie contacts at the time that they open. Referring again to 
Fig. 37, for silver contacts, there will undouttedly te no 
arcing since the voltage will ke low tut it would te prefer- 
able if the current could te reduced more. It may te found 
if this design is tuilt that the pre-excitation can te 
successfully reduced, this would then reduce the current 
when the contects open. In prectice, it has teen found 
necesssry to adjust the pre-excitation after the unit was 
operating. 

The RC circuit is still used, even though the current 
is low, to reduce contact wear when this type of pre-excit- 
ation is used. 


From Koppelman (2) 


LEG s teed 








The value of 2 irom рг. Rolf (3) shout. 


M see 3 TOA 
di пада 


Un 50 ohms. 


The tiggest question in this particular pa 


. 
. 


де OF EAE 


Gesign was the wattave of this resistor. The voltage wave 


across the contacts is so complex, and there are so many 


unknowns that an exact solution does not appear practical. 


As an effort to obtain any kind of an answer, t 
for the rectifier shown in Fig. 40 was used to 
maximum protatle voltare across the contacts. 

it was assumed that the ¡axituum voltage across 
would te 400 volts. If we assume, for lack of 
Perrier, thet this voltage wave can te represent 


wave of maximun amplitude 400 volts peak to pea 


frequency of 400 cycles, the following analysis 


he wave form 
estinate tHe 
Fron ncn 

the contacts 


something 


ed ty a sine 


k and a 


will apply: 
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1% (1.468) 


Tell RC Ass = 3* 834 = 2502 walls 
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cen te seen, this is one of theysajor —— 
unfortunate that it had to te tased on so many approxima- 
tions. 

The weizht of the 3 resistors and the Y condensers in 
one can should te atout 2 pounds. 

Tae weignt of the contact mechanism is also a guess, 
If an estimate is made based on a 50 ampere 60 cycle unit 
Bet ty ITE, it will te A cylinder 3 inches in diameter 
and 4 inches long, If the weignt is estimated on the kasis 
a: piece of solid «teel, 2 inches in diameter and 3 inches 
Mone, this will have a weight of 2.68 Lbs. The cover for 
Eressurizing the contacts should weigh no more than .2 
pounds. 

те totel contact mechenisr should then weigh no more 
than: 
2+ 7.68 +2 = 488 Ibs. 


Ene turns on the core of the RC circuit will supply at 
least the ,l rilogauss vhich vas not included in the 
Euursation delay, perhaps more. This represents an area 

oR 000346 volt sces. These turns not only aid in this way 
But they also prevent e large surge of current from flowing 
as the contacts close. From Ба (5), the numter of turns 


should te: . O00346 = 2.2. Use 4 turns. 
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CHsi TER VI 


GI s PROTECTION 


It would seem from first impression that this type 
of rectifier would te extremely sensitive to fluctuations 
in frequency end voltage. However, it was shown in 
Chapt. III that this was not the case, es a result of the 
large design overload capacity. 

This reduces the overload protection on the AC side 
to the usual thermal overload circuit treakers. There 
should te two sets, however, as shown in Fig. 41. One 
ampere treakers for the AC pre-excitation circuit and 
100 ampere treakers for the main connections should te 
adequate. 

The circuit protection on the DC side is much more 
complex however. This is the treaker which will largely 
determine whether the overload will reech too high a 
value. This should normally not te a severe limitation 
Since the rectifier is largely self limiting as was shown 
in Fig. 25. The output voltage at the higher loads is so 
low thst only a major fault could ever have a low enough 
resistance to draw that much current. 

A more severe limitation is the sutject of reverse 
current. As was explained in Chapt. 111, there must 
always te a tese load. In fact, а tase loed resister was 
put in just to supply that requirement. This means that 
either there must never te any reverse current, Бу proper 


adjustment of the voltage regulator, or an additional tase 
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load must te addcd which will draw as much current as is 
required to make it reéct. Also, the DC treaker must 
always open tefore the AC treaker or else the uni will 
try to act as an inverter until the first flash over. 

It would appear, that it would te much lighter and 
more economical to insure that a voltage regulator was 
used which had sufficient regulation to insure that the 
output of the regulator at tase load was always slightly 


greater than any other voltage source on the bus. 
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CHA: TLR VII 


PERFORMANCE 


l. Weight Estimate 
The weight of each indiviaual component was estimated 
as it was designed to give as accurate a composite weight 


as possitle. The following is the weight treakdown: 








Cores tee: 
iron за 4,5 Lbs- 12%5 
Core housing, insulation, mounting, Est. 20 
Main winding з с 1.5 Ше. 4.5 

19.0 

Contacts 
Contact mechanism Est. 5.0 
RC circuit ERO 

0 

Fre-excitation 

АС - copper 20 
Choke 29 

„В 
DC - copper and choke SE) 
Regulator Est. 2.9 
Base Load Circuit .6 

4.0 

Total weight 30.8 


Weight per kilowatt 3.2 pounds. 
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2. Volume estimate. 
The cores are the largest component of any mechanical 
rectifier, they are usually stacked one above the other. 
The following is a volume estimate: 
Cores - Housing 7.9 inches wide x 7.1 inches high 
Contact mechanism. Est. - 5 inches long x 4 inches Dia. 
Therefore the entire reetifier could te put in an enclosure 
29 inches high, 9 inches wide and 15 inches long. 


eee mificiency. 


Fixed losses Watts 
Base load resister Set 
Core lose 58 26 108.0 
Contact Mechanism driving power neglected 0.0 
AC pre-excitation Lad 
Ас aude choke iron loss -  neslected 0.0 
RC circuit 2 C 82.4 watts 250.2 

Total 455.2 

Base Load 

Fixed losses 452.2 

ШЕ Ете-вісітатіст 75.0 

Total 52872 

Efficiency 0% 

4 Load 

Fixed losses 452.2 

DO Pre=excitation 44.0 

Main Finding 5 .. 125_ 22.4 

16 
Total 520.6 
Efficiency 2500 = 82,7% 


2500 + 520.6 
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i Load 


Fixed Losses 


DC Fre-ezcitation 


Main winding 5 € 185 
Total и 
Efficiency 5000 = 89.6% 
5575 
3/4 Load 


Fixed Losses 

DC Pre-excitation 

Main Winding 2 с 125 хо 
Total 


Efficiency 7500 
5.86 


91.7% 


Rated Load 


125% 


Fig. 42 shows the Efficiency vs Load current 


Fixed losses 


Main winding © & 125 

Total 

Efficiency 2,0007 - 92.4% 
10,828 

Rated 

Fixed Losses 

Main Winding — LZ5 OES 

16 

Total 

Efficiency 12500 - 92.4% 
12589 
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watts 


455.2 
56.0 
— 

5759 


455.2 

2256 
— 
686.8 





455.2 
586.0 
1029.2 
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4. Power Factor 

ore of the disadvantages of the mecheniccl rectifier 
is its low power f:ctor. Foppeluan (2) stated that the 
power factor would vary from an optimum of .92 with perfect 
iron to a minimum of .85 with poor iron. This can te 
readily determined theoretically since the power factor is 
one minus the ratio of the reactive voltage drop to the 
maximum output voltage. For this unit, the tase load power 


mector will te for 11S volts output, 1 = 290.4 ornez: 
140.4 


This will improve as the load is increased and the magnetic 


delay is increased to a maximum at full load of 1 - 20.8 or 
1404 


The power fsctor could te improved slightly within the 
limitation imposed ty the theoretical limit tut only at the 


Expense of increased weight of the core. 


89 








CHAPTER VIII 
OPERATION 


l. Contact timing. 

The original lining ap of the reetifier will recur 
an oscilloscope as was mentioned tefore in Chapt. V. It 
is extremely inportant that it te carefully done since 
the entire operation of the rectifier depends upon the 
correct timing. This would have to te checked periodically 
as experience will dictate, as routine preventive mainten- 
ance. It is difficult to make any estimate of the maxi:num 
time tetween checks since no such mechanism has ever teen 
run. However, judging on the tasis of experience at 60 
cycles and dividing ty 7, the contacts should run st least 
250 hours tefore any adjustment would te required. 

2. Starting and Stopping. 

This unit can te started very simply. The contacts 
will already te operating and will te synchronized by the 
gearing. Pre-excitation will te operating since it is 
presumed that this circuit will always te connected to the 
AC line with only circuit treakers in the line, There is 
no assurance that the AC voltage will te applied to the 
main windings in exactly the right relation to the magnetic 
condition of the cores existing at the last shut down. То 
reduce transients and avoid possitle flash overs, it is 
necessary to first insert ln the circuit, current limiting 
resistors which will limit the current to a maximum value 


of the tase load plus DC pre-excitation, and reduce the 
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applied voltage to approximately half. These resistors 
need te in the circuit for only a few cycles to insure 
that rectifier is operating properly tefore rated voltage 
is applied. 

Also, there should te some sort of interlock with the 
DC sie, to insure that the AC switch can never te opened 
without first opening the DC switch. This is necessary to 
prevent inverter action during stopping if there are any 
active loads on the line. (Batteries, etc.) Also, it 
should not te possitle to close the aC switch unless the 
DC switch is open. This will prevent overloading the 
Current limiting resistors during starting and reduce the 
transients. 

These requirenents will require a three phase switch 
with two sets of contacts, one set of which closes atout a 
half a second or less tefore the other set which will te the 
main contacts. This switch must also te connected ty an 
interlock with the DC switch as outlined tefore. 

The resistors for this circuit can te determined with 


the following analysis: 


A а amps. 


Base Load 
3 /20 
R- fv ИЯ 
AL 
Base [ос 


T'R > (lib). 42 + Ә? шаһ 
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The value of IR need not Бе made as Large as indicated 
since it will conduct for an extremely short period. If 
we artitrarily reduce the value ty a faetor of 10, we 


should use a 39 ohm, 10 watt resistor. 
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CHAFTER IX 
CONCLUSIONS 


This has been an attempt to design conservatively 
a mechanical rectifier which could te used in large air- 
craft. The frequency is so much greater than anything 
previously used that it was necessary to design with 
only the fundamentals as a tasis. The results obtained 
were in many respects, tetter than had teen expected 
when the design was originally tegun. 

The weight for a given input and output voltage is 
a direct function of the line to line short circuit im- 
pedance of the power source. This means thst the source 
must te of large capacity, the larger the tetter. The 
optimum would te a normal power line with an impedance of 
practically zero. 

The weight could undouttedly te reduced after one 
unit has teen’tuilt and tested. Many parts of this de- 
sign were tased on an assumed optimum solution to a com- 
plex protlem. The whole core protlem should te investi- 
gated separately. This design considered only one value 
of 2W/dm, and only one ritton thickness. These assump- 
tions were undoubtedly not an optimum for toth hysteresis 
loop size and minimum inductance. A thicker ribton might 
give very little more loss and decrease the cross sectional 
ares of the core and so lower the inductance of the coil. 
This would in turn, reduce the weight of the core. The 


minimum weight of the core was limited ty the low voltage 
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limit of 115 volts. Experience might 6 
not necessar, to have this much IR drop to the tus tar. 
Also, the line to line short circuit impedance of the 
source may well prove to te much smaller than the value 
used. 

This design gave a weight of 3.20 pounds per kilowatt 
and an efficiency ranging from 82.7% at 1/4 load to 92.1% 
at rated load. The entire unit could te put in s space 9 
inches x 9 inches x 15 inches. 

This type of rectifier has numerous advantages over 
any other system envisioned. The voltage control system 
is very simple. The amtient air temperature will not te a 
protlem until it reaches at least 100°C. The most critical 
item is the hot spot temperature of the core which should 
te kept telow 25000. The copper of course is completely 
exposed to the air. Cooling air could te taken from the 
supply of the alternator. ITE desiens 200 aupere units with 
no forced cooling. 

This system also has definite disadventages; while it 
is not particularly sensitive to voltage and frequency 
fluctuations, it is mechanically sensitive during operation. 
This is the case because the contact timing should te 
kept as close to the desien value as possitle. The safety 
step will permit some leeway in the opening time, tut an 
error in the closing time will either result in a momentary 
current reversal as the contact closes or a reduction in 
voltage at rsted load. The power factor is also a disad- 


vantage. It will never te tetter than .85 at any load. 
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This author has no weight data on other types of 
rectifying systems at this voltscre and so no comparison 
can te made. However, the fact that the system is not 
altitude nor temperature sensitive is a tremendous 
advantage. 

This should Бе a good solution or tae гестігтов тов 
meoclem in général for large sircrare. ІТ should бейіп 
excellent solution for large aircraft flying at high 
altitudes or where high antient air temperature has become 


Beprotlen, 
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AUDUPDIA 1 


EXPERIMENTAL DETERL.INATION OF THE CORE CHARACTERISTICS 


The Vectormeter is the most accurate method known 
to ottain the dynsmic hysteresis loop under conditions 
approximating those found in a mechanical rectifier. 
This — combines the resultent of the hysteresis loop 
proper and the eddy current effects, 

The complete circuit diagram is shown in Fig. A433, 
Only connections 1 and 2 of the Vectormeter were used in 
this particular application. The test loop shown in 
Fig. A 44 is 50" x 37" and can te troken to insert the 
test core. The loop used at NOL has a small tar which is 
used оп the test side to accommodate the small test cores used 
there. Тһе Mutusl Inductor can te seen on the top of the 
loop and has a mutual inductance of 6.88 »h. This is used 
as a pick up for measuring the value of H. The winding 
on the test sample consisted of 225 turns and was used to 
pick up the chance in 5. Fig. A45 is a top view of a 
Vectormeter tein: offered ty ITE which closely resemtles, 
im External appesrance, the German model used in this 
determination. 

The operation of this device is extremely simple 
after it has teen cslitrated. The voltage required to 
give the desirea step length can te calculated ty the 


formula given in the report; 


Е- Hee 1 В хип D 
J2 > A7 xo? 
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Fig hs 








The calculated voltage, corrected [or inerte 
turns ratio, can Се most conveniently read across the pri- 
mary of the transformer for these smell соге DE NEO 
gives a constant’ check on the input voltage fluctuations 
which were very annoying during the tests at NOL. ITE has 
found it necessary to use a separzte supply for their 
Veetormeter. This protlém should te very carefully consid- 
ered if any new installations are contemplated since the 
equipment is very sensitive to even minute voltage fluctu- 
ations, in the region of the step. 

The Vectormneter proper ig a small single phase mech- 
anical rectifier. The contact is gold and is set so that 
1t is open exactly 180% and closed the same amount. Тһе 
entire contact mountings can be rotated relative to the 
synchronous driving motor so that the opening and closing 
time can te varied from 00-3609, The millivoltmeter 
averages the output of the rectifier and ty proper cali- 
tration, will read Ê and H directly. 

As an example, if a sine wave is applied to either 
terminals l or 2, a maximum reading will te ottained on 
the voltmeter when the contact is opening and closing at 
00 and 1800 respectively. Conversely, it will read zero 
when the contact is opening and closing at 900 апа TOM 
respectively. 

The following derivation should make the theory of 
operation clear. If further information is desired, the 


oricinal article on the subject ty Koppelmen is Ref. (6). 
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For convenience, the following is a tatulation of the 


symtole used in this derivation and their values for this 


equipment. 


N 
n 
To 


RB 


RH 
TB 


E 


Are 
lm 
f 
°p 
Bo 
eH 
ено 
ЕВ 
Ең 
М 


No. of turns of magnetization winding (1) 

No. of turns of test winding (228) 
Resistance of millivoltmeter 10 ohms 
Adjustatle non-inductive resistor in flux test 
circuit (ohm) 

Ditto, current test circuit (ohm) 

Resistance of test coil and all leads in flux 
testgorrcuit, 1.3 ohms 
Resistance of mutual inductor coil and all leads 

in current test circuit 3.5 ohms 

Iron cross section of core under test .205 (8025500 
Mean length of core (cms) 14.46 

Frequency of test circuit (60) (Cycles/sec) 
Millivoltmeter reading, flux test 

Full scale millivoltmeter reading, flux test (2 mv) 
Millivoltmeter reading, current test 

Full scale millivoltmeter reeding, current test (2 mv) 
Average value of voltage on test winding 

Average value of voltage in mutusl inductor 

Mutusl inductsnce 6.88,h (micro henries) 

Flux densit; change 

Flux density 

2 Ho 


Magnetmotive force 
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A. Calculation of Rp 
The instantaneous value of ep 18: 
Bos nes 
at 
or multiplying and dividing ty f and integrating 
from 09-1809 


по" 
Ae M 

ЭА. 
This operation is performed by the Vectormeter. The 


average reading of the voltmeter will te: 





or 
150 
Е И ez di 
This gives: 
с Же. 


NFPA 
or 


Кам АЗ ак -(6а) 

°з 
To calitrate this unit for ease in reading, if we 
take 20 kilogeuss for maximum deflection, Rp becomes: 


e E tn Ax, ЕЗ a 


ев, 
Sutstituting the values for the core used and this 


eircult, the final result was; 


(РЕ аео x2 до ха" 


A D 


(044% 


= 54343 Se 
B can now te read directly from the millivoltmeter 


in kilogauss from 0 to 20 kilogauss. 
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B Calculation of Ry 


In a similar manner to A. 
г, 2 22446 
at 
Where 1 is the instantaneous magnetizine current 


As before: 
iso 


Ще 2 ir e, AE 


Г y 
E Artur = ff ата 
Yo 
Considering now ampere turns per inch 
AH 2 27 
Lm 


This makes AH 
EL Ме (ети + и) 


ЖЕРІ, г. 

ог 

Ky _ к а Ж Е 2. 
m 


Again for calitretion: 


О ИКА. 0) 

М е, 
This data was taken in oersteds with 2 and 20 oersteds 
maximum deflection on low and high scale. The resulting 


values were: 


Z oersleds 
Ал = G0 ~ 6,80 х/07%х/7.%76 х/АРх2 х202 оа 
0 S Y 
en ohms 


PO cersleds 


(| (01948 - 73.3 - GBS Gin 


104 








These calculated values set On tHe CORTE decade 
Eoxes gave the hysteresis loons used in this report. The 
curves taken tut not used in the report proper are 
included in this Appendix for reference. 

The data on the test core was; 

NOL core 847% 

TD = legge" ора“ 

190 turns .0006" x 1/4" ritton with magnesium oxide 

insulation 

weight 24.4505 ens Specific gravity 8.25, Ape - .205 cms. 

Test windings - 225 turns and 125 turns 

Heat treatment- 1200°C for 2 hours followed ty rapid 

cooling. 300°C for 18 hours in 87.2 oersted field 

followed ty rapid cooling in no field. 

The hysteresis loops for 60 and 400 cycles were compared 
with the circuit shown telow. The step length was determined 
ty calculating the ratio of step length to a full cycle length; 
This was ottained ty varying the input voltage until the 
correct length was otteined. All circuit constants were 
unchanged, the change from 60 to 490 cycles was accomplished 
with a two pole, doutle throw switch. The resulting hysteresis 
loops were taken from the surface of the tute with tracing 


paper. 
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APPENDIX II 


EXOZRPTS FROM F. KOPPeLvAN'S PAPER ON THE MECHANICAL RECTIFIER 


This is an excerpt fron Aprendix 13 of ti.e Dept. of 
Commerce publication PB 80932 as described in the Biblio- 
graphy. It was included to show the derivation of the 
Koprelman's (2) basic formula fo: step length. 

The German nomenclature is relatively difficult to 
un.erstand — considerable study. The following list 


of German symbols and thei: English equivalents as used 


in the paper are included to simplify readinz tho Appendix. 


= В 8 олы 
lgig - Ibase load 


Tei jay imaximum overload 
I еШ 


Elnenn rated load 
tam closing moment 
taus - opening moment 


/O9 








APPENDIX 13 





ІШ 621.514.5 : 621.216.543 


Summary: This perer serves the purpose of enabling the reader to form ав 
opinion of the quantitative question of the eontect converter. The relation 
betveen short circuit voltage, size of choke solls, overload capacity and 
dackfire s:fety is presented in Pert 1. Other questione regarding the 
caleulation of losd-factor and efficienay will be dealt with in a later 
paver. 


The contact converter is » mechanical reetifier. It was first 
reported before the VDE Berlin 17. September 1940. It has been built for 
wolt-ec fron 30 to 600 volt DC. and for loads up te several 1000 kw. Its 
advantage over other conversion means is its great efficiency. Its function 
end crlcuictions are somewhat different from those of machine converters or 
mercury arc rectifiers. 


á presentation of the elestro-technical fundamentale ої the 
contact converter might, therefore, be of interest. This paner treats this 
theme es the first of a series of contem-lated discussions. 


The performence of the contact converter, which has been described 
in a former peper, is briefly summerizedé here. The current interruption in 
the cisconnected phase, which oecurs et each current directive change, is 
acor lishe in rotating machines by the commutetor ber leaving the edge of 
the brush. In the Mereury ere rectifier, this interruption is aecom lished 
by a medium which is mom-conducting in the reverse direction. This is ac- 
comlished in the contaet converter Wy means of a mechanical bresker with 
metellic oressure type contacts having openings of only a few millineters, 
and driven by ел exoentric. The arcing of the contacts, which up to now 
has been & difficult problem to solve in mechanical reetifiers for large 
currents, has been eliminated by switching chokes having a saturable core, 
in the contsct cireuit during the working time of the particuler hese. In 
other words during the time this phase will carry current and ie saturated, 
but ic capable on current reverse] of the phase to delay the current reversal 
sufficiently to permit contsct ovening. 


During this time, it is merel the magnetizing current of the 
switchin; choke that flows in the relieved phase, waich ia kept at e minimum 
by use of svecial high grade iron cores. The contact can, therefore, aided 
dy a par: llel condenser. interrupt this current without arcing even at high 
leading current, as the magnetizating current is independent of the load 
current, provided the opening moment of the contact occurs at the time 
interv-1 curing whieh the associated choke 0011 4а unsaturated. The purnose 
of this peser is to outline the quantitative investigetions, under which 
this condition preveile. It proves that these caleulations, as well se 
others, which will be treeted later, can be made even with sloving magneticrtica 
curves of the ehoke coil iron cores. 


1. The Megnetizetion of Choke Coll During Contact Open M 


We stert with the magnetization of the choke coil core in the 
current civing off phase end at the moment that the contect is ovened in 
this chase. If this magnetizction is smaller then the sr turating 
magnetizetion, them only the lew dischargeless, disconnectable, magnetizing 
current of the choke flows through the contact et the instant of opening. 





‘| i piyi si нё ч i is 
pU е MALE? 
ИТЕ hi ЖЕ 
ale ll age Tp] ГІН 
ШЕШІ Nb ШЕШ 
Бы ров пара оа и HERE 
aH 8. jie BEE jii: Б iy Ud. 
un ШИ 1 i1 a MI H 1 i TE : 
š 4 inu Е s | » : я ЧЕ y ` 
mà ls ij! с Pa i inf 
iiis i iin il i |: 17 1 hi lit 
aay iieii үн ШУН T ир ци | 
EE и ili THE Hr m 





@ontact moment of contact 2, and Jaus the unknown magnetization ef соге 1 
in the time moment taus of the ovening of contact 1. 


Formula (2) shows that the unicnowa mesnetization Jaus is so small, 
(во вегг the negetive saturation) that the greater value of the integral of 
the current change voltage is betveen tein to taus, In other words the later, 
at fixed tein. the break time moment Saus lies. 1% also becomes less, with a 
smaller product Igy . L, thet is at во lond, a lesser part of the stenlength 
$ of the choke 0011 lies behind the opening time moment tags, than et a 
full load (fig.4). 


2. The Orectest Possible load Variation from Ie with Constant 
mE 1o—t2_Iyinax 


The base formula of the contzet converter can de directly derived 
from Formula 2. The equation is empleyed, firstly, for the maximum possible 
eurrent ly), y. at which the beginning fq of the step coincides vith the 
Tens ond secondly for the loading with « lowest current I o Mich ve cell 
a base load, Therefore, Iggg is provortioned with Ipyagy and Igi, if the DC 
Current 1: com oletely seturated. 


Yee. @, Jet e L.I max * nq(Jimaz - Join + Jimax - ә) (3) 
Soin 

fee et е L.Ij39 * na(71o - Jein, * Jl, - Jg) (4) 
ei 


a Therefore ve have the magnetisation Jaus, in the ease of 
loading vith base load current I ), designated vith JO. For Ig = I 
eecording to the definition of I * gua lies et the beginning of 
step end is defined ty magnetiga on Je’. As the left side of (3) and 
(4) are equal it follews that* 


L.I )mex * nqa(Jlmax - Jein e Jlmax = J?) = L.1glot ا‎ O 
5 


or: 
Ulzinax - I ао) [0 - 33)-U6 45) -8(J1naz-J1o) - (Jota, -Jeta)] (6) 
and when the rirht side is rultiolied vith A J» ® (Jê - 35) 


пе Аде» = (7) 
Q -p-f 
w shortenings: 
97 e Ie- 4 (8) 
A Je 
Y = 2(Tlasr- Da (9) 
Ade 
í ` EY (10) 


d 1s a value whieh normally is small, while Jein, in vraxis of the usual 
@ont=ct converter is only altered slightly. It therefore follovs that in 
order tọ simplify d~z O if the value f16 sero, when the magnetisation 
above Js is not inereased with increased current, then ve have an ideel 
fon for г contact converter, 





Vents esmends, thet L comprises all inductive resiatences up to the 


volt: ge sources in the right meaner, which will be spoken of in a 
lester work, furthermore thet all voltage drops аг to the voltage- 
sources must be neglected. 





Of sosial im-ortsnoe is the value S. From (8) G-a O. for 
dga Jā ma C'a 1 оғ і- г Л. 6-16 therefore thet freetien of the totel 
Wamacnetlsstion А 9, of the core, wich with base load I e lies behind the 
break -cint of the assoginted contact, This fractionG-A Js serves to shov, 
at a leter tine, whether to nake the voltnge at the serarrtiae eont:-et small 
er at sult-ble re-exsitation of the aheke, sero or vesitive, The greater 
€ A the s-fer 1s the interra tion agrinst beakfire. Ye call the freeticn 
€ Sa at the step, the mo losd safety. The recivroeal fraction (1 -6) 
4 Js of the ster makes vossible the loed change vetveen the 11446 1 
and 1 jg. теа (7) this de greater, the enaller the intuctanes 1 Nr 
соя: tion current io, while nt max, lord, nearly the whole voltnge 
intogr:l of the current reverses) voltage is used to change the current in 
the induction L, A lsrge nart of this voltage integr:1 rem-ins free ct a 
small loc smd lays itself on the choke eoil of $he o eninr ph^se ca дө» 
nresses the magnetization, 


IE; — Al as ne nsi It land 


Before formula (7) will de Aiseussed, it vill be transposed, 
On the left hence aide stands n vroinst, which ehr rreterises Ihe sive of 
Ghore 6011, n^mely the oro^uct of number of vindin;/s,iron erose-seotion 
and for the step useful m.«aetiration-ehamnge d J,. If on one of Jt 
magnetised choke еої1, a sonstant voltage U hes been laid, the result, 
efter using the induction lav, will be + US m gd, the tine A $, in 
at 


which the eti-:tiom mer the influence of voltrge U is changing 
fron JÊ to Jê, that 1s A Js or 
Are Alm (11) 
U 


Ste length besed upon the “mıx. valus” о? tho current change 
veltree i: cefined as the demagnetization time 4%, of the ehore coil 
under the mex, value of current change voltage. If Eis the effective 
volue of hive voltage, them et S=-rhese bri-ge-eonnecetion 


A x, ° Q za ва. (12) 
T? 73”. в 


The erxleulation with this formala da easy ent elecr, as will 
be shown in the following. 


4. Бл олан far the Colouletio: af the Choke Coll اة وز‎ 
Bridge Commestion 


19th (12) we obt:im from (7) 


Ot eri - 1 (23) 
Vaya s Q -6- p- dy 


va ssswned as vell es Iglo being neglect: ble in (13) and all 
1 all . that ia, ve er rees the highest current os rulti-le 
Hz U (evel eel ыу) of the rated current, 


pA (14) 
Tala w Q -€-- yr 


In this formale, the intuetive short elrent voltage,”) will be 
inserted 


ба 0:5 WE Teme (15) 





6) The formula (18) alee will be reserved in this simile form for other 
tha S-phase bridge eomestions. The inductive petentiel ¿rep 
Vill Inter replace the short circuit veltage $, for 3Z-pheos bridge 
comnestion с в 0.5 . Вавее: Аз, е An 
w (1 = N (18a) 








(0,5 L 9 1n£agtivity of one phase & 8 2//f). Merely ie I, the 
effective value of the secondary rectifier current. As it is known, 
44 will be, by S-phase bridge connection, ©) neglecting the little 
influence of the finite current change tine 


awli 
E aie (17) 


resulting cut of (14) by complete smoothe 207) 


mecs moe aisi OM AI CE ms 


A — — 
w -c -p 


Also 





== (18) 











Thies orineiple formale, for the theory of contaot converters, 
will be discussed in the following. 


5. 2 





Formula (18) 1e first illustrated ty 2 prectical example: 


It is desired to find the (related) steplength4t, of choke 
ecile for e ecnverter, whieh shell, for a short time carry an overload 
of double the amount of current, but the time point of connection € 
shall not fll outside of the step, thet is Ü = 2. The defined (/5 
iaéuctive short cireuit voltage amounts to 7%, that ie É = 0,07. The 
frequence of DC 1e 50, thet is & = 214. The magnetization at highest 
current Û1 is ascertzined from number of burns, fon peth length 
and вада — eurve of the ehoke to bet 


Ü I amma = 1,6 . 107% n, (16,000 Gans), et smallest current x 
142155. 10 4 Ysa/en? 05,000 Gamss ) 
Furthermore the usable magnetisation for the step ie: 
Q3, "2,5. 1075 Ye/en? (25,000 Cease) 


Aseoräing to formala (9) it follows 


Te 2 0,6. 104-145. 1974) - 0,0% 
205 - 


At mo lead, or with load of the besie lead current I.,,, vith consideration 
to the sefety of eontnetmopeming against backfire, iÈ fa required thet the 
re-u:gnetization of the choke coi) will take place for = half after 
@isconneetion of the relating contact. Therefore 9 € 0,5. The result 

ie according to (18) as followst 


As, c x 1908 . 10-3, (19) 
Р 1-6 -ф) = (1-05-00). i 





6) In each phase ef the converter flow 2/3 of the DC In «ele. 
the effective value of this current 1 Та. 


Y) If the DC ie oom-letely smoothed then the an-roxim-te situation ist 


A, ° ЗА за 
w (1 -6- (199) 


wherety Ais the rtíon the moment value of DC et beginning of 
current change, (time poiat ы, 1a pieture 2) to DC average - valus, 





Winding mumber and ба eross eestion of choke coils have te be ehosen 

s0 that, after (12) the eteplength under the max. value of the iater= 
leeked voltage will amount to about ene milli-second, that is 1/10 of the 
part x w curve of the alternating current. By a phase-voltage І = 
140 Y." and a winding member a = 15 we obtain for instance after (12) 

an ion croes section of: 


че “а T: 7» в e 1.06 . 3 7-78 ._ 140 97 en? (20) 
A4 58 в 25 . 1 . 15 


For a small eonverter it мұр be chosen for instance nm = 150 and ба 
Cross section q e 9,? em2, 


6. The lo-loai-aafekr 


We have ealled that pert of the step, which at no-load lies 
behind the point of disconneetion, the no-lond-safety. In the above nen- 
tioned caleuletion example 6“s 0,65, that means, only the first half of the 
step At, was used to obtain s wanted loed-capacity-elbow-roon between Iglo 
to U . Ielaena, the seeond half to retard the voltage-increase on the 
opened coatset and therewith provide safety against beekfiring. If the 
stepcurrent opened Му contact, has the velue ig, (pict.2), then - (considered 
that the magnetisation of the choke evil is a clear funetion ө? the current 
and not soonteneous, = i.e. no inde-endent nagnetisation-ehangings take 
place) the increase of voltage imredintely at contact-epening is 


е 4 
Ве ча (a1) 


wherety C is the parallel $o the eontret lying capacity (piet. 1). For 
ims 0,654, Co 10. 1 we obtain for instance де 5 . Ye. 


la order to obtain a eecure openinz of contecta withäät backfire, the 


increase 184 voltage cannot overdraw a certain critical value, for instance 
105 ¥/9—;20), ) 

If under the pressure of voltage 67 - 2. secording to (2), the magnetisa- 
tiom Jg in the choke 0011 ої the relieved phase is reached according to 
meagnetication curve, inereasing high current vill be vermitted to pase. 
The volt:ge-increase will become efter (21) very much greater than the 
erítical limit of, for instance, 10° V/s. If the contact opens ahead of 
this time, are and beckfire would occur. 


We will mark this part of the step, which lies at во load in 
the point of time of contact opening, with (pict. 4). The time T can 
be ealeuleteód sesuming that. until the enó of €, the voltage on the opened 
eontact is small, against the net voltege. Under this assumption, daring 





8) Corresponding to e no-load DC voltage 


Uno = TF [54.231259 


see for instence Th. Wasserra¥, E. and M. 59 (1941) page S. Caleuletions 
at voltage will de taken up in a later work. 


9) Im certain connestions, for instanee in the eo frr used 3-phace-dridge= 
connection with 3 choke 60116, the stepleacth 4%, exanot be very 
greet, for instance not greater than 1,5 . 107a. The reason for this 
vill be spoken of in a later work. 


10) The conditions fer arelees connections will be treated in more detail 
in а later werk in connection vith known examin»tiíone of this subject 


in the litereture. 
6. 





the time "ihe whole iaterloeked voltage ره = ده‎ lies on the choke coil 
ef the relessed phase, as the second choke coil’ in the currant-change- 
Gireult, attthis time, is carrying the whole DC. In other words it is 
practically saturated. As the stepcurrent is constant, and under tinely 
conditions changes very little, во voltages lie on the alr-conductivity L 
of the current-turming-cireuit during theGine so we obtain out of (1) 


е = Фут м Д 


and hy intecration between the limits J and JB results 


5 Ф 
f (ez- 0,) dt 3 m (Je- 3,7) 220003, = 72 TS ob, (22) 
eur 


Out of this formula Tean be caleuleted. 


If the unsaturation of the choke coil takes place from J to 
J, under the rex, value of the interlocked voltage, which is elmost the 
case іп a direct voltage to sero áown-controlled converter, then ve heve 
a S-phase connection + 


* 
Et. = 01) 84 а 72 07 ET, that te after (22) 
t 
pus Ce oc At, (23) 


The index a means, thet Т , Just an vell as the whole step 
4 t, is based om the max. value of the interlocked voltage and represents 
the sousllest rossible value. 


If the unsaturation has not taken place from Je to J_” under 
the max. velue of the interloe-ed voltage, 7) Ty, and out cf (23) aná 
(22) vith e, - e, =T2 75 E sinuri, 


вови) (4.3, Ф Т) а сово, а ° YE (24) 


Out of this formula, any vesition of the disoonaeetion-tine 
peint t eun be ascertained by the tie-up betveen Cond T, (piet.5). 
Ів convertars, whieh are down controlled in voltage, the no load safety 
TC. must be sufficiently provertioned for service with ensllest DC. А 
greater sefety is then created. 


The question arises, how big practiesllyZ , must be chosen. 
The choice of Со is done ty the following pointe: 


1. Та order to avoid beckfiring by high voltage, it ie act 
sufficient, 1f in the moment of contact-interrupticn, the 
voltage-inerease lies for instanee below the given сғі 11601 
value of 105 V/e, Rather, after contest interruption, the 
interlocked voltage in this moment mst be smaller then the 
flesheover voltage of the interruvtion length. The flash-over 
volt:ge of the oontast of known performance with level, sharp 
edged electrods is shown in pict. 6, alse the fundamental nro- 
a over the ecntact-gep. Below the r'nímum voltage of air 

about 400 V) no flash-over is possible. ven at the smallest 
gap, at a contact distance ої 0.1 ma, that is, at a contact- 
interruting sveed of ) a/s 1 after oontaet separation, the 
flesh-over-veltage 1s about 1,000 Y, and in larger converters 
with usual double interrurting contacts almost 2,000 Y, 


In order to avoid discharge by connection, contact converters 


in 3=phase-bridge connection have not been built for more than 
about 450 V (no-load-voltage Vere) in omne system, The largest 


7 





ogsarring leek-voltage which, in this cognection almost 

equdls the interlocked voltage 12 73 Я, 1 thereby smaller 
than 500 Y, as in S=phase bridge-comnection Us), sV3 73 + 
With ome value Za 10 +, and a contset-interranting-speed o 

1 m/s after the tinepoiat = а contect-distanse of 0,1 mm. and 
& flash-overeveltage of about 1,000 Y for each interruption- 
distance. will be atteined. That is a wultivle-seeurity agrinst 
backfire. 


2. If. nevertheless, contaot-convert are Wailt in praxis with 
veluesQuhich are greater than 10°””s, the reason is, that in 
practi service, there is an inexactness of contect-tines, 
caused through thermal expansion ef the gear, through damage 
of contact=poiats during service, or through tolerances during 
produce and these deviations fron the theoretical must be 
reckoned with. <A prolengation of oontast=time, 1.0. in piet. 4, 
а в 170100 of the breaketine point Same to the right side, means 
e reduction of no-lead safety. In cases of calculetively too 
snall values and even by little differences of the contact tines, there 
is the danger of backfire present, i.e. the converter is seehanically 
sensitive during service. 


3. With thie sensitivity to chances of contact-tines and by too small 
noeload safety, a greater sensitivity is also given to certain 
electrical disturbances of the feeding DC, because, similar to 
a not wanted prolongation of contact-tines, an inerease of current- 
change-volt also reduces the no-load safety. This is to be 
soen out of (2), where the enlarging of current-change-voltage 
(left side of formula) gives a» reduction of Janus. By enlarging 
the curreat-ehaage-velt-ge, the current 1, (pict. 3) is decreasing 
faster. Aecording to thie feet, the step is beginning earlier, se 
that the frastion of the step which liss behind the constant break- 
tine-point %,.., 1% decreasing. Am increase of current—change- 
voltage takes vlece not only by increase of 3-рһаве voltage. but 
pertly elee by voltage decrease of particular phases. During 
service of the eonverter to oounter-veltage, the no-load-safety 
1s decreasing if the counter-veltage is getting large ia proportion 
to the preduged DC voltage. The DC is then levered beneath the 
dase losd current Igle. and therewith the magnetization Jlo a- 
eording to (4) also the magnetisction J&, i.e. according to (8) 
end the ne-load-safety G’ascordäing to (23) T,. 


For this reasem a no-load safety is given the contset-eonverter 
at lew voltage, which my under circumstances amount to values several 
times thet which is necessery considering the flash-over-voltage. 


In the beic formula, (18) the no-loed safety C, is ineluded ae 
fraetion of At,., i.e. Зу the given G^, according to (22)U , becomes larger 
or emaller, depending whether A t, becomes larger ог smaller. With the help 
ef e sim le tranepesition, the formula (18) vill take а оға, in which T, 
ie independent frená tg. Зу inserting from (23) Oe Cg im (18) and ve 
obtain after solution: аз, 


a c W 





AN. b а Ta 
' wi1-9 а - © 





This form of the formule will be used in many cases in the 
caleulation of cheke 00116. 


7. The Value © ont the Baas-loal-enrzeni 


According to (35) the neceseary steplencth at a given €, 6 
ana €, ie inversely propertional to 1 - ў; The value ' А je 
в 
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